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Hypoxia-induced adrenomedullin production in the kidney. physiological states such as acute tubular necrosis. Al-
Background. Adrenomedullin (AM) is a newly discovered though the precise mechanisms of renal functions impair-
peptide that has a potent vasorelaxant activity. To investigate ment under hypoxic conditions remain to be elucidated,its potential roles in hypoxia-induced renal injury, we examined
one of them might be a prolonged intrarenal vasocon-whether AM production in the kidney increased under hypoxic
striction, which predominantly damages renal tubulesconditions.
Methods. The AM transcript levels in Madin-Darby canine located in the outer medulla. Recent studies indicate that
kidney (MDCK) cells, rat vascular smooth muscle cells (VSMCs), sustained vasoconstriction can be attributed to increased
and rat mesangial cells were assessed by Northern blot analyses endothelin-1 (ET-1) production [1] and decreased nitricunder normoxic and hypoxic conditions. The AM peptide in
oxide (NO) production [2], suggesting that other vaso-culture media was measured by radioimmunoassay. The effects
of hypoxia on accumulation of cAMP in VSMCs were also active substances may also participate in the modulation
examined. The stability of AM transcripts under normoxic and of the tone of renal vessels.
hypoxic conditions was compared in the presence of actinomy- Recently, adrenomedullin (AM) was isolated from hu-cin D. The effects of hypoxia on AM promoter activity was
man pheochromocytoma tissue. Adrenomedullin com-assessed by transient transfection assays using the AM pro-
prises 52 amino acids and shows slight homology withmoter subcloned upstream of luciferase gene.
Results. The expression of AM transcripts increased signifi- the calcitonin gene-related peptide (CGRP) [3]. Al-
cantly in MDCK cells, rat VSMCs, and rat mesangial cells though AM was originally isolated from pheochromocy-
under hypoxic conditions without changes in the stability of toma tissue, it is distributed broadly in a variety of tissues,AM transcripts; however, the AM promoter activity under
including the kidney [3–5]. Several immunohistochemi-hypoxia was not elevated significantly. The accumulation of
AM peptide in culture media also increased significantly under cal studies and in situ hybridization studies have demon-
hypoxic conditions in MDCK cells (2.2 6 0.1 fmol/105 cells in strated that AM is produced in the renal cortex, including
normoxia vs. 3.5 6 0.3 fmol/105 cells in hypoxia, 6 hr after the glomeruli and renal tubules. Furthermore, AM ishypoxia induction, P , 0.001), and in rat VSMCs (5.5 6 0.3
now known to be present in vascular smooth muscle cellsfmol/105 cells in normoxia vs. 7.8 6 0.4 fmol/105 cells in hypoxia,
(VSMCs) [4] and endothelial cells [6], suggesting that8 hr after hypoxia induction, P , 0.01). Under hypoxic condi-
tions, cAMP levels in rat VSMCs increased significantly com- renal vessels as well as renal tubules and glomeruli are
pared with those under normoxic conditions (13.3 6 1.4 pmol/ the source of AM production in the kidney. We have
well vs. 4.6 6 0.4 pmol/well, P , 0.01). previously reported that AM has potent renal vasorelax-Conclusions. Renal parenchymal cells as well as renal ves-
ant and natriuretic effects in the rat, which appear to besels may produce AM under hypoxic conditions.
mediated, at least in part, by increased NO production
in the kidney [7]. Several reports have suggested that
AM also has potent vasodilator and natriuretic actionsThe kidney is one of the organs that is most sensitive
to hypoxia. Hypoxia damages renal tubules, especially that seem to be mediated by NO-cGMP–dependent
those located in the outer medulla, resulting in patho- pathways, although the degree of involvement of NO-
cGMP–dependent pathways in AM-induced vasodila-
tion depends on the species studied [8–10]. Furthermore,Key words: MDCK cells, vascular smooth muscle, vasorelaxant, renal
injury, acute tubular necrosis. a recent report suggests that AM inhibits platelet-
derived growth factor-induced and thrombin-inducedReceived for publication April 16, 1998
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stances such as ET-1 and by increasing NO production in and more than 4% of carbon dioxide by using carbon
the kidney. To test this hypothesis, we examined whether dioxide-generating reagents contained in a sealed bag.
renal vessels and renal tubular cells, which appear to Culture medium was changed to low-serum medium
be the major source of AM production in the kidney, (minimum essential medium with Earle’s salt with 0.1%
produced AM under hypoxic conditions using Madin- FBS) 24 hours before the experiments to reduce the
Darby canine kidney cells, a cell line derived from canine effects of serum mitogens. An aliquot of the low-serum
renal tubular cells, and cultured VSMCs. medium was placed in the GasPak incubation pouch
together with carbon dioxide-generating reagents 24
hours before the experiments to prepare hypoxic me-METHODS
dium. To start the experiments, culture medium wasCell culture
changed to the hypoxic low-serum medium, and cultured
Madin-Darby canine kidney (MDCK) cells, a cell line cells were transferred to the GasPak incubation pouch
derived from canine renal collecting tubular cells, was immediately. The pouch was sealed and placed in an
purchased from the American Type Culture Collection incubator at 378C. To confirm that the system generated
(Rockville, MD, USA) and was maintained in minimum
hypoxic conditions, an aliquot of the medium was as-essential medium with Earle’s salt (Iwaki glass, Tokyo,
sayed to measure oxygen and carbon dioxide concentra-Japan) containing 10% fetal bovine serum (FBS; GIBCO
tions.BRL, Rockville, MD, USA). Rat VSMCs were cultured
from rat thoracic aortas following the explant method, RNA preparation and Northern blot analyses
as previously described [12]. In brief, thoracic aortas
Total RNA was extracted using TRIZOL reagentwere excised from male Wistar rats (body weight 150 to
(GIBCO BRL) according to the manufacturer’s instruc-200 g), and the adventitia and intima were stripped off.
tions. Denatured total RNA (20 mg each) was electro-The aortas were cut into small fragments and placed on
phoresed on 1% agarose gels containing 3% formalde-culture dishes with the luminal side down. The fragments
hyde. After electrophoresis, the gels were photographed,were maintained in Dulbecco’s modified Eagle’s medium
and the density of 18S ribosomal RNA bands was deter-(DMEM; GIBCO BRL) containing 20% FBS. The cells
mined using a digital densitometer (EDAS; Kodak,migrating from the fragments were subcultured and ex-
Rochester, NY, USA). RNA was transferred onto nylonpanded in DMEM with 10% FBS. Cells from passages
membranes (Hybond N; Amersham, Little Chalfont,5 to 10 were used in the experiments. Rat mesangial
cells (MCs) were obtained from cultures of isolated rat Buckinghamshire, UK) and were ultraviolet fixed (UV
glomeruli using the sieving method with minor modifica- Stratalinker; Stratagene, La Jolla, CA, USA). The mem-
tion [13, 14]. Rat renal cortex was minced with scissors branes were prehybridized in a buffer containing 50%
and pressed through a stainless steel sieve of 211 mm formamide, 5 3 Denhardt’s solution (Wako Junyaku,
pore size. Material that passed through the sieve was Osaka, Japan), 5 3 standard saline citrate (SSC), 1%
suspended in Dulbecco’s phosphate-buffered saline sodium dodecyl sulfate (SDS), and denatured salmon
(PBS; GIBCO BRL). This suspension was subsequently sperm DNA (100 mg/ml) at 438C for three hours and
passed through successive stainless steel sieves of 150 then hybridized in the same buffer with 32P-labeled AM
and 75 mm pore size. Glomeruli that were collected from cDNA probes at 438C overnight. The membranes were
the top of the 75 mm sieve were washed with PBS and washed successively in 2 3 SSC containing 0.1% SDS at
resuspended in DMEM with 20% FBS. Suspended glo- room temperature for 10 minutes, in 1 3 SSC containing
meruli were plated onto tissue culture dishes and incu- 0.1% SDS at 608C for 20 minutes, and in 0.1 3 SSC
bated at 378C in a 5% carbon dioxide incubator. Culture containing 0.1% SDS at 608C for 20 minutes. The inten-
medium was changed four days after plating, and me- sity of the bands corresponding to AM transcripts was
dium change was subsequently performed every 72 estimated using a Bioimage analyzer (BAS 2000; Fuji
hours. Glomerular epithelial cells started to senesce and
Film, Tokyo, Japan), and the ratio of the intensity ofdetach five to nine days after plating, whereas MCs ap-
AM transcripts to that of 18S ribosomal RNA was usedpeared and spread from the glomerular cores. These
to normalize the amount of AM transcripts. The detailsprimary MCs grew confluent for three to four weeks.
of canine AM cDNA cloning will be reported in a sepa-Cells from passages three to five were used in the experi-
rate article (Genbank Accession: U96127). In brief, aments.
cDNA library was constructed from the canine adrenal
Hypoxia induction gland using ramdaZAPII (Stratagene), and the library
was screened with human AM cDNA (nucleotides 445To induce hypoxia, we used the BBL GasPak Pouch
to 641). Positive clones were plaque purified and sub-system (Becton Dickinson, Cockeysville, MD, USA) ac-
jected to in vivo excision according to the manufacturer’scording to the manufacturer’s instructions. This system
induces anaerobic conditions of less than 2% of oxygen instructions. Nucleotide sequences were analyzed as de-
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scribed later here. Canine AM cDNA digested with of 1:182,250 and 50 ml of 125I-labeled ligand, the mixture
was incubated at 48C for 24 hours. The incubation wasEcoRI and NotI was used as the probe to detect AM
stopped by adding 50 ml of 1% bovine g-globulin andtranscripts in MDCK cells. Rat AM cDNA was prepared
500 ml of 24% polyethyleneglycol. After vigorous shak-by reverse transcription-polymerase chain reaction. To-
ing, the mixture was incubated at 48C for 20 minutestal RNA prepared from cultured rat VSMCs was sub-
and centrifuged at 2000 3 g at 48C for 30 minutes. Thejected to reverse transcription using the Ready-To-Go
supernatant was aspirated, and radioactivity in the pel-T-Primed First-Strand Kit (Pharmacia Biotech, Uppsala,
lets was counted in a gamma counter. The antiserumSweden). Polymerase chain reaction was performed us-
used was raised against human AM[40-52]-NH2, whiching Premix Taq (Takara Shuzo, Otsu, Japan), and the
recognizes the C-terminal amide structure common toamplification conditions were: 948C for one minute; 608C
mammalian AMs.for one minute; and 748C for 1.5 minute for 30 cycles.
Primers were designed to amplify a 541 bp fragment of cAMP measurement
rat AM cDNA. The primer sequences were
Rat VSMCs were seeded on 24-well plates and serum59-GTGGGCGCTAAGTCGTGGGAAGAG-39 (sense)
starved in DMEM containing 0.2% FBS (DMEM/0.2%and 59-ATTGTCTCAGTCCGCTACGGGTGC-39 (anti-
FBS) for 48 hours. After adding DMEM/0.2% FBS con-sense) corresponding to nucleotide sequences 279 to 302
taining 0.5 mmol/liter 3-isobutyl-1-methylxanthine, some
and 796 to 819, respectively [15]. The amplified cDNA plates were placed under hypoxic conditions for six
fragment was ligated into the pGEM-T Easy vector (Pro- hours, whereas others were incubated for six hours under
mega, Madison, WI, USA). The nucleotide sequences normoxic conditions. The medium was aspirated, and
were analyzed using an ABI Prism 310 automated se- 500 ml of ice-cold ethanol were added to stop the reaction
quencer (Perkin-Elmer, Foster, CA, USA). The sequence as previously reported [16]. The cAMP level was mea-
was 99% homologous with the previously reported rat sured by RIA using a cAMP assay kit (Yamasa, Chiba,
AM cDNA sequence. The EcoRI-digested fragment was Japan) according to the manufacturer’s instructions.
used as the probe to detect rat AM transcripts.
Transient transfection assays
Protein extraction and Western blot analyses The promoter region of human AM (21534 bp to 170
Some cells were placed in sealed hypoxic bags for 3, bp) [17] was subcloned in a luciferase vector (PicaGene
6, and 12 hours. After the incubation, the cells were Basic Vector 2; Toyo Ink, Tokyo, Japan) at the SacI/
washed twice with PBS buffer and collected using a cell SmaI site. MDCK cells and rat VSMCs were transiently
cotransfected with 2 mg of the AM promoter/luciferasescraper. After centrifugation, the collected cells were
plasmid and 1 mg of Seapansy TK Control Vector (Toyoresuspended in NP-40 lysis buffer [50 mm Tris-HCl (pH
Ink) as the internal control using 25 mg of Tfx-50 (Pro-8.0), 150 mm NaCl, 1% NP-40] containing 2 mg/ml aproti-
mega). After transfection, the medium was replaced withnin, 2 mg/ml leupeptin, and 1 mm phenylmethylsulfonyl
EMEM/0.1% FBS and incubated at 378C for 24 hours.fluoride. After incubation on ice for 30 minutes, the
Some of the cells were then transferred to a GasPacklysates were cleared by centrifugation. The cleared ly-
incubation pouch and placed under hypoxic conditionssates (100 mg/lane) were separated on 12% SDS-poly-
for 12 hours. As a positive control, the transfected cellsacrylamide gels, transferred onto polyvinylidene difluor-
were stimulated with cytokines cocktail containing in-ide membranes (Millipore, Bedford, MA, USA), and
terleukin-1b (IL-1b; 50 U/ml), TNF-a (4000 U/ml), andthen incubated with a goat polyclonal antibody against
lipopolysaccharide (LPS; 50 mg/ml) for 12 hours. Thetumor necrosis factor-a (TNF-a; Santa Cruz, CA, USA)
dual luciferase assay was performed using a luminometerat a 1:100 dilution. Antigoat horseradish peroxidase-con-
(Lumat LB 9507; Berthold, Bad Wildbad, Germany)jugated antibody was used as the second antibody at a
according to the manufacturer’s instructions.1:7000 dilution. The blot image was detected using an
enhanced chemiluminescence method (ECL Western Statistical analyses
blot kit; Amersham). Values were expressed as the mean 6 sem. The effects
of hypoxia on AM production were assessed by analysisRadioimmunoassay (RIA) for adrenomedullin
of variance, with Scheffe’s F procedure for post hoc
Adrenomedullin in culture medium was concentrated analysis.
using Sep-Pak C18 cartridges and subjected to RIA as
previously described [5]. In brief, the concentrated cul-
RESULTSture medium was redissolved in 100 ml of RIA buffer
Hypoxia-induced adrenomedullin production inconsisting of 0.05 m sodium phosphate (pH 7.4), 1%
MDCK and rat VSMCbovine serum albumin, 0.5% Triton X-100, 0.08 m NaCl,
0.025 m ethylenediaminetetraacetic acid-2Na, and 0.05% We first examined the changes in AM transcript levels
in MDCK cells and rat VSMCs. AM transcripts, 1.6 kbNaN3. After mixing with 50 ml of antiserum at a dilution
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hours after hypoxia was induced and remained increased
until the 24-hour time point (12 hr, 1.4 6 0.2-fold, P ,
0.05; 24 hr, 1.4 6 0.1-fold, P , 0.05).
We next examined whether the AM peptide was pro-
duced in MDCK cells and rat VSMCs under hypoxic
conditions. The amount of AM peptide accumulated in
the cultured media of MDCK cells was measured by an
RIA specific for AM. The amount of AM in the cultured
media increased in a time-dependent manner up to 24
hours in normoxic MDCK cells, whereas in hypoxic
MDCK cells, the amount of AM reached its maximal
level six hours after hypoxia was induced, and thereafter,
it started to decrease, probably because of the cytotoxic
effect of severe hypoxia (Fig. 2A). However, the amount
of AM in cultured media from hypoxic MDCK cells was
significantly higher than in that from normoxic MDCK
cells at the three-hour and six-hour time points (3 hr,
2.5 6 0.4 vs. 1.6 6 0.1 fmol/105 cells, P , 0.01; 6 hr, 3.5 6
0.3 vs. 2.2 6 0.1 fmol/105 cells, P , 0.001). Basically, the
same pattern was observed in the cultured media of rat
VSMCs. The amount of AM in the cultured media was
significantly higher when cells were subjected to hypoxia
than when cultured under normoxic conditions eight
hours after hypoxia was induced (7.8 6 0.4 fmol/105 cells
Fig. 1. Hypoxia-induced expression of adrenomedullin (AM) tran- in hypoxia vs. 5.5 6 0.3 fmol/105 cells in normoxia, P ,
scripts. The expression of AM transcripts was examined by Northern 0.01; Fig. 2A).
blot analyses. Twenty micrograms of total RNA was loaded in each
To examine whether the immunoreactive AM peptidelane. (A) Time course of the expression of AM transcripts in MDCK
cells. Culture medium was replaced with low-serum medium 24 hours produced under hypoxic conditions indeed had a biologi-
before the experiment. The cells were placed in sealed hypoxic bags with cal activity, we measured cAMP production under nor-a carbon dioxide generator for the indicated time. Twenty micrograms of
total RNA were loaded in each lane. (B) The time course of the expres- moxic and hypoxic conditions. We first examined whether
sion of AM transcripts in cultured rat VSMCs. The experiment was MDCK cells and rat VSMCs produced cAMP in re-
performed basically in the same way as in (A). The experiments were
sponse to 1027 m AM. Rat VSMCs produced significantlyrepeated three times for both (A) and (B), and arrows indicate the
position of the 1.6 kb AM transcripts. The lower panels show ethidium high amounts of cAMP in response to AM (Fig. 2B),
bromide staining of 18S ribosomal RNA as internal controls. whereas MDCK cells did not (data not shown). Thus,
we used rat VSMCs to measure cAMP production. Rat
VSMCs incubated for six hours under hypoxic conditions
produced a significantly higher level of cAMP than thosein length, were detected in MDCK cells by Northern
incubated under normoxic conditions (4.6 6 0.4 pmol/blot analyses (Fig. 1A). The expression of AM transcripts
105 cells in normoxia vs. 13.3 6 1.4 pmol/105 cells instarted to increase three hours after hypoxia was in-
hypoxia, P , 0.01; Fig. 2B). We also collected cultureduced, peaked at the six-hour time point, and remained
media from MDCK cells under normoxic or hypoxicincreased until the 12-hour time point (3 hr, 2.2 6 0.2-
conditions. Rat VSMCs were then incubated with thefold, P , 0.05; 6 hr, 2.8 6 0.3-fold, P , 0.01; 12 hr,
media. Rat VSMCs incubated with media from hypoxic2.1 6 0.2-fold, P , 0.05 vs. normoxia). Adrenomedullin
MDCK cells produced slightly higher amounts of cAMPtranscripts were also detected in cultured rat VSMCs
than those incubated with media from normoxic MDCK(Fig. 1B) [4]. The expression of AM transcripts started
cells (8.5 6 1.5 pmol/105 cells vs. 11.4 6 2.5 pmol/105to increase six hours after hypoxia was induced and re-
cells). To examine the specificity of the response to AM,mained at a high level until 24 hours (6 hr, 2.0 6 0.3-
we pretreated rat VSMCs with 1026 m of human AM[22-fold, P , 0.05; 12 hr, 2.9 6 0.4-fold, P , 0.01; 24 hr,
52] or 1026 m CGRP[8-37], which have been reported to2.2 6 0.3-fold, P , 0.05 vs. normoxia). We also examined
be receptor antagonists of AM. However, the increasedthe expression level of AM transcripts in rat MCs. Al-
cAMP production in rat VSMCs cultured under hypoxicthough the expression level was much lower than that
condition was not significantly suppressed by pretreat-in MDCK cells and rat VSMCs, the expression of AM
transcripts in rat MCs started to increase significantly 12 ment with these peptides (data not shown).
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increase in AM production under hypoxic conditions
was mediated by TNF-a in an autocrine fashion, we
examined whether TNF-a production was stimulated un-
der hypoxic conditions by Western blot analysis. TNF-a
was detected neither in cultured MDCK cells or rat
VSMCs, nor in their culture media (Fig. 3), suggesting
the possibility that hypoxia-induced AM production in
those cells was a direct effect of hypoxia.
We next examined the stability of AM transcripts.
The stability of AM transcripts was compared between
normoxic and hypoxic conditions in the presence of 5
mg/ml of actinomycin D, which inhibits RNA synthesis.
The expression of AM transcripts was induced in MDCK
cells by maintaining cells under hypoxic conditions for
six hours before the experiment because the baseline
level of AM transcripts was too low to calculate the
half-life of AM transcripts accurately under normoxic
conditions. After the induction, some cells were returned
to normoxic conditions in the presence of actinomycin
D, whereas others were kept under hypoxic conditions
in the presence of actinomycin D. As shown in Figure
4, the stability of AM transcripts did not change signifi-
cantly between the two conditions. The half-life of AM
transcripts was approximately the same under both con-
ditions (T1/2 in normoxia 1.6 hr vs. hypoxia 1.6 hr), which
was consistent with the results reported by Imai et al
[19]. Thus, it was suggested that hypoxia-induced expres-
sion of AM transcripts was regulated at the transcrip-
tional level.
The promoter region of human AM subcloned up-
stream of the luciferase gene was transiently transfected
in MDCK cells and rat MCs and VSMCs, and luciferase
activities were measured. However, hypoxia did not sig-
nificantly induce luciferase activity in rat VSMCs, al-
though a cytokines cocktail containing IL-1b (50 U/ml),
TNF-a (4000 U/ml), and LPS (50 mg/ml) increased lucif-
erase activity in rat VSMCs by 400% (P , 0.05; Fig. 5).Fig. 2. (A) Amount of adrenomedullin (AM) peptide accumulated in
cultured media of Madin Darby canine kidney (MDCK) cells and rat Furthermore, we did not observe any significant increase
vascular smooth muscle cells (VSMCs) under normoxic and hypoxic in the luciferase activity under hypoxic conditions in
conditions. Some cells were placed in the hypoxic bags for the indicated
MDCK cells or MCs (data not shown).time, whereas others were used as the normoxic control. AM in the
cultured media was measured by RIA. Symbols are: the amounts of
AM in the cultured media from normoxic (d) and hypoxic (s) MDCK
cells; the amounts of AM in the cultured media from normoxic (j) DISCUSSION
and hypoxic (h) rat VSMCs. The values are the mean 6 sem. *P , 0.01,
In this study, we demonstrated that AM transcripts**P , 0.001 vs. normoxia. (B) cAMP accumulation under normoxic and
hypoxic conditions in rat VSMCs. Some cells were incubated under were present in MDCK cells, cultured rat MCs, and
hypoxic conditions with low serum medium containing 0.5 mmol/liter VSMCs, and that the expression of AM increased under3-isobutyl-1-methylxanthine, whereas others were used as the normoxic
hypoxic conditions. We also showed that immunoreac-control. Some cells were incubated with human AM (1027 mol/liter) in
the presence of 0.5 mmol/liter 3-isobutyl-1-methylxanthine as the posi- tive AM peptide was produced in MDCK cells and rat
tive control. The values are the mean 6 sem. *P , 0.01 vs. normoxia, VSMCs, and that AM peptide production increased un-**P , 0.001 vs. hypoxia.
der hypoxic conditions. These results suggest that AM
is produced in renal parenchymal cells, as well as in the
Mechanisms of hypoxia-induced renal vasculature. Using in situ hybridization, Cameron
adrenomedullin production and Fleming showed that AM transcripts were detected
in the renal cortex, including glomeruli and renal tubularTumor necrosis factor-a is a well-known potent stimu-
lator of AM production [18]. To examine whether the cells [20]. Moreover, Jougasaki et al reported that AM
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Fig. 3. Time course of TNF-a accumulation in MDCK cells (A) and rat VSMCs (B). The amount of this protein in the cells and in the culture
media was evaluated by Western blot analyses. The cells were placed in sealed hypoxic bags for the indicated times. The lanes on the left represent
the positive control, in which 20 ng of human TNF-a was loaded in each lane.
was localized in glomeruli, cortical distal tubules, and normoxic conditions. However, AM[22-52], which is a
receptor antagonist for AM, did not inhibit the hypoxia-medullary collecting duct cells of the canine kidney by
using immunohistochemical methods [21]. The results of induced cAMP production. Reported receptors are still
putative [22, 23]. Moreover, the specificity of reportedthese histological studies support the concept that AM
is produced in renal parenchymal cells as well as renal antagonist is controversial. Eguchi et al reported the
specific antagonism of AM[22-52] on an AM-inducedvessels.
To examine the pathophysiological significance of cAMP increase of VSMCs [24]. However, Champion et
al did not observe the antagonistic effect of AM[22-52]hypoxia-induced AM production, we measured cAMP
production in rat VSMCs under normoxic and hypoxic on AM-induced vasodilation [25]. Several reports also
showed that AM-induced increase in cAMP productionconditions. cAMP production was significantly higher in
rat VSMCs under hypoxic conditions than in those under was inhibited by CGRP[8-37], which is a receptor antago-
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Fig. 4. Stability of AM transcripts under hypoxic conditions. After changing the medium to low-serum medium, the expression of AM transcripts
was induced by incubating the cells in the hypoxic bags for six hours (“control” in the figure). Some plates were returned to normoxia, whereas
others were maintained in hypoxic bags for the indicated periods in the presence of 5 mg/ml of actinomycin D. Twenty micrograms of total RNA
were loaded in each lane for Northern blot analyses. The amount of AM transcripts at each time point was compared with the “control” level,
and the half-life in the both conditions was calculated. The arrow shows the position of the 1.6 kb AM transcripts.
nist for CGRP [26], suggesting that AM can cross-bind inducible factor 1 binding site in the promoter region that
can confer the transcriptional activation under hypoxicto CGRP receptors. On the other hand, Kato et al re-
ported that AM-induced cAMP production was not in- conditions [33, 39]. Furthermore, it is reported that the
stability of VEGF transcripts was strikingly increasedhibited by CGRP[8-37] in human umbilical vein endo-
thelial cells [27]. Thus, it is possible that AM exerts under hypoxic conditions (the half-life; 30 to 45 min in
normoxia vs. 6 to 8 hr in hypoxia) [35]. These resultsbiological effects in an autocrine or paracrine fashion
under hypoxic conditions, although further studies are prompted us to examine the stability of AM transcripts
and the promoter activity of the AM gene under hypoxicrequired to prove this point.
Previous reports have shown that cytokines, shear conditions. However, we did not detect any differences
in the stability of AM transcripts between normoxic andstress, and hypoxia stimulate AM production [4, 15, 18,
28]. Among them, TNF-a is the most potent stimulator hypoxic conditions. We incubated cells for six hours un-
der hypoxic conditions in advance to induce AM expres-of AM production [18]. We examined whether TNF-a
was involved in hypoxia-induced AM production. We sion, because otherwise the basal level of AM transcripts
was too low to calculate their half-life under normoxiccould not detect significant amounts of TNF-a under
hypoxic conditions in MDCK cells or rat VSMCs, sug- conditions. Although we could not rule out the possibility
that the procedure might have affected the calculationgesting that TNF-a was not the mediator of AM produc-
tion observed under hypoxic conditions, although it re- of the half-life of AM transcripts under normoxic condi-
tions, we did observe that the half-life of AM transcriptsmains possible that other cytokines were involved in the
process. under hypoxic conditions was much shorter than that of
VEGF transcripts under the same conditions. We couldA couple of genes have been shown to be activated by
hypoxia, including erythropoietin, endothelin, vascular not identify any sequences in the promoter region that
could activate the transcription of the AM gene underendothelial growth factor (VEGF), glycolytic enzymes,
interleukin-6, and atrial natriuretic peptide [29–38]. In hypoxic conditions. It is probable, however, that farther
upstream the 59-flanking region or other sites in the genethe 39-flanking region of the erythropoietin gene there
is an enhancer sequence where hypoxia-inducible factor may be involved in the activation of the transcription of
the AM gene under hypoxic conditions and that regula-1 is thought to bind to enhance the transcriptional activa-
tion of the erythropoietin gene under hypoxic conditions tion of hypoxia-induced activation of the AM gene may
be different from cytokine-induced activation of the AM[29]. The VEGF gene contains a consensus hypoxia-
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APPENDIX
Abbreviations used in this article are: AM, adrenomedullin; CGRP,
calcitonin gene-related peptide; DMEM, Dulbecco’s modified Eagle’s
medium; E-MEM, minimal essential medium with Earle’s salt; ET-1,
endothelin-1; FBS, fetal bovine serum; IL-1b, interleukin-1b; LPS,
lipopolysaccharide; MC, mesangial cell; MDCK, Madin-Darby canine
kidney; NO, nitric oxide; RIA, radioimmunoassay; SDS, sodium dode-
cyl sulfate; SSC, standard saline citrate; TNF-a, transforming growth
factor-a; VSMC, vascular smooth muscle cells.
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